Folding energy and kinetics of mutually interacting DNA Hairpins by Schönenberger Sola, David
Folding energy and kinetics of mutually interacting DNA Hairpins
Author: David Schönenberger
Facultat de F́ısica, Universitat de Barcelona, Diagonal 645, 08028 Barcelona, Spain.
Advisor: Marc Rico / Felix Ritort
(Dated: June 18, 2020)
Abstract: The Szilard engine is a Maxwell demon thought experiment where information is
converted into work. We propose a novel DNA molecule with two hairpins in serial that could act
as a complex four-state Szilard engine using optical tweezers to apply a force. We synthesized the
molecule with identical hairpins to perform two different experiments with optical tweezers, passive
mode and pulling. Only 3 different states were observed as the intermediate state is degenerated.
Their energy levels were obtained from kinetic rates measured in passive mode and work measured
in pulling cycles. We conclude that the molecule follows well the fluctuation theorems and the
Bell-Evans theory, with the exception of a Chevron type curvature in the kinetic rates due to the
degeneration. The obtained data will help in the development and study of a Szilard engine with
this molecule.
I. INTRODUCTION
The Szilard engine [1] is a single molecule thought ex-
periment proposed in 1929 as a refinement of the famous
Maxwell’s Demon [2]. This imaginary engine demon-
strates how information can be converted into energy.
A cycle in the Szilard engine consists of two steps: obser-
vation of the state of the molecule and application of a
work extraction process depending on the measurement
outcome. The original version implements these steps us-
ing a single gas particle in a box. A observation is made
when a wall is inserted that divides the box in two. Then,
the particle pushes the wall to the opposite side, produc-
ing a work which depends on the previous position of the
particle.
The realization of this experiment requires to manipu-
lation and measurement of the state of a single molecule
as a function of time. For this reason, thermal fluctua-
tions play a role as they must be small enough, in the
order of kBT , to be able to measure the information.
Novel implementations have been developed in recent
years to overcome these difficulties. For example, in 2014
a single-electron box was created by trapping an excess
electron between two connected metallic islands at 0.1 K
[3]. The electron was manipulated by changing the po-
tential difference between the islands, whereas the loca-
tion was measured using an electrometer. Later, in 2019
a nanoscale Szilard engine was made with a single two-
state DNA molecule tethered between two micro-beads
at room temperature [4]. Optical tweezers were used to
measure the state of the DNA and extract a work by
varying the position of the optical trap. This method al-
lows to create Szilard engines with an arbitrary number
of DNA states.
Our objective is to study a DNA molecule made of two
interacting hairpins serially connected in order to build
a Szilard engine from it. We predict that each hairpin
will influence the other by a continuous exchange of in-
formation and thus significantly alter the extracted en-
ergy in the possible Szilard engine. The behaviour of this
molecule will be investigated with optical tweezers, mea-
suring its kinetic rates and calculating its energy levels
using different methods.
First, we measured the kinetic rates in passive exper-
iments where the state of the molecule is observed as a
function of time. We subjected the molecule to different
forces in order to study the force dependence of the ki-
netic rates and apply the Bell-Evans theory which allows
us to estimate the folding energy at zero force, ∆G0, as
well as to characterize the energy levels of the molecular
Free Energy Landscape (FEL).
Second, we calculated the folding energy from pulling
experiments using the Fluctuation theorem (FT) [5].
This theorem allows us to measure the equilibrium fold-
ing energy at a given force, ∆G, from non-equilibrium
pulling experiments by relating the stretching and re-
leasing work distributions. In order to convert ∆G to
the folding free energy at zero force, we subtracted extra
contributions by modeling the molecule using the Worm-
Like Chain (WLC) elastic model. We validated our re-
sults of ∆G0 by comparing the values obtained using the
FT and the ones coming from the kinetic results. More-
over, we compared our values with the ones provided by
the unified oligonucleotide dataset [6]. The implementa-
tion of the Szilard engine and his setup is left for future
work.
II. MATERIALS AND METHODS
A. Synthesis of two serially connected DNA
hairpins
A DNA hairpin is a simple structure that is formed
by a single single-stranded DNA (ssDNA) that has two
regions complementary with each other and bind to form
a double helix ended with an unpaired loop. The DNA
molecule we are studying consists of two hairpins linked
by three equal length double-stranded DNA (dsDNA)
handles joined in serial order: handle, hairpin, handle,
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Table I: DNA sequence of the oligos used in the synthesis.
The sequence that describes the hairpins is underlined.
To synthesize a DNA with two hairpins, we hybridized
three different oligonucleotides (Table 1). The first
oligonucleotide (O1 in Table 1) contains one strand of
the desired dsDNA handle plus the first DNA hairpin
and one strand of the handle between the two hairpins.
The second oligonucleotide (O2 in Table 1) contains the
second DNA hairpin plus a ssDNA handle. The third
oligonucleotide (O3 in Table 1) has the complementary
sequence of ssDNA handles and it is used to hybridize
with them and form three dsDNA handles. The first
oligonucleotide has a biotin at its 5’ end and the second
oligonucleotide was modified with a digoxigenin tail at
its 3’ end. These modified ends bind with beads coated
with their complementary substance, streptavidin (SA)
and anti-digoxigenin (AD) respectively.
B. Optical tweezers
Optical tweezers are instruments that generate highly
focused beams to produce a force when an object and
its surrounding medium have a different refractive index.
They create force gradients called optical traps (OT) to
manipulate micron sized dielectric objects. In this work
we used a miniaturized optical tweezers [7] to manipulate
the molecule by trapping the AD bead and modifying its
position while the SA bead is fixed at the tip of a micro-
pipette by air suction (FIG 1a).
This setup allows the molecule to be stretched and
generates a mechanical tension to mechanically unzip the
stem of the DNA hairpins. The control parameter λ is
the distance between the tip of the micro-pipette and the
center of optical trap.
III. RESULTS AND DISCUSSION
In this report we studied the simplest case where both
hairpins are identical and each one has two possible
states: folded and unfolded (FIG 1b). Therefore, the
molecular system has 4 different states (FIG 1c). Nev-
ertheless due to its symmetry we are not be able to dis-
Figure 1: a. The experimental setup where xb is the distance
between the optical trap (OT) and the AD bead, xh is the
length of the dsDNA handles, xm is the length of the hairpins
and λ is the total distance between the SA bead and the OT.
b. The two states of a hairpin where xd is the length of
the folded hairpin and xssDNA is the length of the unfolded
hairpin. c. Representation of the 4 states of the molecule
with all the possible observed transitions. U is the unfolded
state (both hairpins unfolded), F is the folded state (both
hairpins folded) and I1,I2 are the intermediary states (only
one hairpin is folded).
tinguish the two intermediate states I1 and I2. For this
reason, we define the union of I1 and I2 as I.
A. Passive mode experiments
Passive mode hopping experiments allow us to deter-
mine the state of the DNA molecule in real time while the
control parameter λ is kept constant. In this situation,
we see sudden changes in the force (FIG 2a-left) associ-
ated with the different states. To associate one state at
each force-time point we needed to determine with high
accuracy the force corresponding to each state.
The force distribution at a given λ show three peaks
corresponding to the different states, F , U and I (FIG
2a-right). As a folded hairpin has lower extension than
the unfolded hairpin it implies that the highest force cor-
responds to the folded state F , the lowest force to the
unfolded state U and the one between these two corre-
sponds to the intermediate state I where only one of the
two hairpins is open. We have made a Gaussian fit with
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a probabilistic factor for each peak to classify the state
of the molecule as F , I or U by choosing the one with
the closest force at any time for a given value of λ.
Each stable state signals the presence of a local min-
imum of energy in the Free Energy Landscape (FEL).
The FEL is the map of the different configurations of the
molecule to their corresponding free energy. Since I1 and
I2 are indistinguishable, our first approach is to simplify
the FEL using a single reaction coordinate that char-
acterizes each configuration: the extension of the DNA.
FIG 2b shows a theoretical description of the FEL of our
molecule. When a mechanical tension is applied to both
ends of a hairpin, the state with more extension is en-
ergetically favoured. As the energy difference between
two states is of the order of kBT , the thermal fluctu-
ations can cause the molecule to spontaneously change
its state. These fluctuations are a random process that
can be characterized by residence times and kinetic rates
which are related with the FEL.
The identification was done by fitting the measured
forces to a three Gaussian distribution where the mean
of a Gaussian is the force of the state and the weight of
a Gaussian is the occurrence of the corresponding state.
To determine the kinetic rates, we calculated the average
time that the molecule takes to change from one state
to another, kS→S′ = 1/〈τS→S′〉. Note that direct transi-
tions between F and U were extremely rare because they
were only observed due to the time discretization of the
measures. We can verify that our calculations are correct
using the detailed balance condition,
PS · kS→S′ = PS′ · kS←S′ (1)
where PS(S′) is the weight of state S(S
′), kS→(←)S′ is
the kinetic rate from S(S′) to S′(S). FIG 2c shows that
Eq.(1) is fulfilled.
Several theoretical studies propose how to extract im-
portant features of the molecular FEL from the force de-
pendent kinetic rates. According to the Bell-Evans model






kI→U = kI1→U + kI2→U (2)
kF←I = kF←I1 + kF←I2 (3)
Where β = 1/kBT , kB is the Boltzmann constant, and
T is the environmental temperature. x‡S and x
‡
S′ are the
distances between the transition state TS and the state
S or S′ respectively (FIG 2b). km is the kinetic rate of
S → S′ at zero force. We determined the parameters
that characterize the FEL by fitting the kinetic rates to
these expressions.
We can see in FIG 2d that the kinetic rates from U
to I and from F to I are linear on a logarithmic scale
in relation to the force, as predicted by the Eq.(2). On
the other hand, kinetics rates from I to U and from I to
F have a curvature known as chevron plot shape. This
Figure 2: Results of the passive mode experiments. a. Sample
of measured force vs time data and force histogram. b. Shape
of the FEL of our molecule. It has 3 stable states at F , I and
U . TS1 and TS2 are the transition states, located the local
maximums. c. Representation of the detailed balance. The
apparent force is the mean force of the two states involved.
Black lines are the fitted to the kinetics rates for transitions
between F and I (upper line) and between I and U (bottom
line) d. Measured kinetic rates vs force of the initial state.
The dashed lines in the upper plot did not include all the data
points for the fit because of the visible curvature at the center
of the upper plot.
shape originates from the degeneration of the I state and
suggest that a single reaction coordinate is not enough to
discriminate them. The proper application of the Bell-
Evans theory requires to consider I1 and I2 separately.
To determine the energy levels of each state we com-
puted the linear regression of the kinetic rates and de-
termined the coexistence forces between the states I −U
(f cIU ) and I − F (f cFI) (Table I). The coexistence force
is the force where both kinetics, kS→S′ and kS←S′ , are
equal. The difference between the energy levels at zero















Due to the symmetry of the molecule, ∆G0FI and
∆G0IU should be equal or similar as in both cases only
one hairpin unfolds. The results obtained in Table I are
indeed compatible. We can compare these values with
the prediction from MFold web server [6] for our hair-
pins. According to MFold the theoretical energy differ-
ence of a single hairpin is ∆Gth = 30.0 kcal/mol. Pulling
experiments offer another method to calculate energy dif-
ferences which we can use to confirm these results.
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8.3 ± 0.2 7.7 ± 0.2 15.34 ± 0.04 35 ± 1
Table II: Results obtained from the application of the Bell-







the characteristic extensions of the DNA in the FEL (FIG
2b). F cFI and F
c
IU are the forces where kF→I = kF←I and
kI→U = kI←U respectively.
B. Pulling experiments
An important phenomena caused by the fluctuating
state of the molecule is that the work exerted on it does
also fluctuate. In this work we used the Crooks fluctua-
tion theorem [10] and its corollary the Jarzynski equality
[11] to determine the folding energy difference from the
work extracted from the pulling cycles. The Jarzynski
equality brings a direct measurement of the folding free
energy difference between the initial state and the final













where ∆G is the free energy difference, W is the work re-
quired to go from an initial trap position to a final trap
position and 〈(...)〉 is the average taken over an infinite
number of pulls. In practical cases, the number of pulls
is always finite and the Jarzynski equality is strongly
biased. To overcome this, we used the Crooks fluctua-
tion theorem that relates the work unfolding distribution,









In Eq.(6) ∆G equals the reversible work,which is the
value ofW at which the unfolding and folding work distri-
butions cross, PU (W ) = PF (−W ). Our single molecule
system allows us to validate the Jarzynski equality and
Crooks fluctuation theorems while we apply them to cal-
culate free energy differences.
We carried out pulling cycles by moving the optical
trap from an initial position where the molecule was al-
ways in F to a final position where the molecule was
always observed in U . The folding or forward process
goes from F to U whereas the refolding or reverse pro-
cess goes from U to F . The work required in each cycle
was calculated by integrating the force - λ curve (FIG
3a) and the obtained histograms are plotted in FIG 3b.
First, we applied the Jarzynski equality Eq.(5) in both
directions to calculate the energy difference between the
folded state at fmin and the unfolded state at fmax. In
the forward direction (from F to U) we obtained a value
of ∆G = 462±3 kBT and in the reverse direction a value
of ∆G = 459± 3 kBT , both energies are compatible.
Then, we verified Crooks FT (Eq.(6)), calculating the
ratio of the work histograms (FIG 3b). With the re-
gression parameters we obtain a value of ∆G = 459.3 ±
0.2 kBT in accordance with Jarzynski’s equality. We have
found that both Jarzynski equality and Crooks FT are
coherent with each other but we cannot directly compare
the energy differences they give with the results from
the the passive mode experiments. To compare them
we must transform the energies differences from pulling
experiments to energies at zero force. The energy varia-
tion between F and U at zero force ∆G0FU is related to
the energy difference obtained in the pulling ∆G by the
following equation:
∆G = ∆G0FU + ∆GssDNA(fmax)−∆Gd(fmin)
+ ∆Gbh(fmin, fmax) (7)
where ∆GssDNA(fmax) is the stretching energy of the
single stranded DNA, ∆Gd(fmin) is the energy to orient
the folded molecule and ∆Gbh(fmin, fmax) is the energy
to stretch the handles plus the energy to move the bead
inside the optical trap [13].
The ssDNA contributions was calculated using the
Worm-Like Chain (WLC) model with the adequate pa-
rameters for DNA [12]. In addition, we have veri-
fied these parameters by estimating the single-stranded
length released when the hairpins open at different forces
(FIG 3c). In contrast with [12] where only one hairpin
is opened, here we had to consider three different cases.
First, the transition from F to I where only one hairpin
was opened; second, the transition from I to U where
only one hairpin was opened; third the transition from
F to U where two hairpins were opened. We found that
measured elastic properties considering the three differ-
ent extensions agree between them and with the values
reported in the literature. The others contributions were
calculated as proposed in [12].
The mean folding free energy is ∆G0FU = 65± 3
kcal/mol considering Jarzynski equality and Crooks FT.
Moreover from Table II we can calculate the total folding





∆G0FU = 70 ± 1 kcal/mol. Both values are compatible
and henceforth the fluctuations theorems and the Bell-
Evans theory yield the same result. We have verified that
our analysis in the passive mode experiments is correct.
IV. CONCLUSION
We learned how to successfully synthesise a DNA
molecule with two hairpins and how to manipulate it us-
ing optical tweezers. In this work we studied the case of a
DNA molecule with identical hairpins and we easily iden-
tified three different states. A 3-state Szilard engine is
possible with this molecule because the state was clearly
identified at any time. On the other hand, it is not a
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Figure 3: a. Pulling data from a single cycle. The black dots are the limits used to calculate the work (area dashed under the
curve). The black dashed line is the best fit to the elastic constant kFeff used to calculate ∆G(fmin, fmax) in EQ. 7. b. Work
histograms (bottom plot) of the forward (red) and reverse (blue) process and their ratio (upper plot). ∆GFU is the work value
where PF = PR. c. Force vs released single-strand length between the different states. The dashed and dash-dotted lines are
the WLC model using a standard [12] persistence length Lp and interphosphate distance db for DNA with two hairpins and
one hairpin respectively.
normal 3-state molecule because the intermediate state
is degenerated. Consequently we have seen that the ki-
netic rates have an atypical Chevron-shaped deviation.
In spite of this, we have been able to calculate the free
energy levels from the kinetic rates and the fluctuation
theorems. The values obtained are consistent with the
theoretical models. To continue and implement a Szi-
lard engine, a software should be developed to act as a
Maxwell daemon and identify the state with help from
the results obtained in this work.
In future works, the degeneration of the intermediate
state could be avoided by using hairpins of different num-
ber of base pairs or a different sequence. With such a
molecule, one could observe the two different intermedi-
ate state and study the transition between them. More-
over, with this four states configuration could be possible
to study the information transfer between hairpins using
a novel Fluctuation Theorem for feedback systems.
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